Understanding detailed molecular mechanisms that govern macromolecular interactions represents one of the major goals of structural biology. One of the important prerequisites for success in this line of research depends on the choice of an appropriate biological system. Calcium dependent target recognition by calmodulin might be an ideal model system, because of its well-characterized nature and its central role in cellular metabolism. Calmodulin (CaM) is a small, acidic, eukaryotic Ca 2+ -binding protein of 148 amino acid residues, which is arranged into two lobes of similar size and structure (1, 2) . Each lobe consists of two "EF-hand" helix-loophelix Ca 2+ -binding motifs and thus CaM is capable of binding two Ca 2+ ions per lobe, four in total. NMR solution structures of apo-CaM reveal that Ca 2+ -binding leads to significant structural rearrangements of the CaM molecule (3, 4) . The alignment of the helices within each lobe changes upon Ca 2+ -binding, resulting in the exposure of two methionine-rich hydrophobic "patches," one in each lobe (5, 6) . These hydrophobic patches enable CaM in the Ca 2+ -loaded form (Ca 2+ -CaM) to interact with a number of intracellular proteins and enzymes which are involved in a wide variety of different biochemical processes (7) (8) (9) . CaM-binding sequences are generally 15-25 amino acids long with little amino acid sequence homology, but the majority do have the propensity to form an amphipathic α-helix with one or two aromatic or bulky hydrophobic "anchor" residues (often tryptophans) located on the hydrophobic face (10) (11) (12) .
Binding of a target peptide to Ca 2+ -CaM occurs via distinct conformational changes upon which complex.
It is curious how so many different target sequences with relatively little sequence homology can be bound by CaM with such high affinity. A primary reason no doubt has to be hydrophobic effects, due to the well-known importance of the hydrophobic patches of CaM and their interaction with the hydrophobic face of target sequences. "Classical" hydrophobic interactions involve the favorable burial of non-polar groups from the contact with water and are considered to be entropic in nature (18) . However, in a recent calorimetric study it was shown that binding of a CaM-target peptide from smooth muscle myosin light-chain kinase (smMLCK)
is driven by enthalpic, not entropic factors (19) . It could be that the increase in solvent entropy is offset by other phenomena, such as the loss of mobility of some amino acid side chains (20, 21) , or the loss of backbone entropy in the target peptide as it forms an α-helix in the complex (22). Enthalpic effects must also play a key role, and these could include van der Waals interactions among the hydrophobic residues in the complex, as well as salt bridges and hydrogen bonds between acidic residues on CaM and basic residues on the target peptide.
Because of the promiscuous nature of CaM in its ability to bind such a wide range of target sequences, it is quite possible that the relative contribution of the various factors involved in binding could be different for different target peptides. Thus, a detailed calorimetric investigation of the binding of many different peptides to CaM is warranted. Because of the vast amount of knowledge and the pivotal importance of CaM:target recognition in eukaryotic cells, a more complete understanding of the detailed mechanism of Ca 2+ -dependent CaM/peptide interactions can lay down the foundation for design of specific targets and inhibitors for this and other related systems.
For the titrations of Ca 2+ -CaM with all but PDE and CaD-A* peptides, the stock solutions were dialyzed extensively against at least two changes of corresponding PIPES-buffer containing 5 mM PIPES, 100 mM NaCl, 2 mM CaCl 2 , pH 7.0. In the case of the CaMKI peptide additional experiments were performed in buffers which contained 5 mM Imidazole, sodium cacodylate or MOPS pH 7.0 supplemented with 100 mM NaCl and 2 mM CaCl 2 .
The PDE and CaD-A* peptides contain cysteine residues potentially capable of forming intermolecular disulfide bonds. In order to keep PDE and CaD-A* in the reduced form, these peptides were incubated for 2 hours in 50 mM Tris pH 7.5 buffer containing 1% β-mercaptoethanol followed by dialysis against 5 mM PIPES, 100 mM NaCl, 2 mM CaCl 2 pH 7.0 buffer containing the reducing agent 1mM tris-(carboxyethyl)-phosphine (TCEP). For PDE and
CaD-A* titration experiments CaM was also dialyzed against the TCEP-containing buffer.
Spectrapor CE dialysis membranes with a 1000 Da molecular weight cutoff were used for dialyses. Methylation of the cysteine residue of the CaD-A* peptide was performed using methyl-4-nitrobenzenesulfonate, as described (37). The degree of modification was checked by the reaction with the Cys-specific reagent DTNB (5,5-dithiobis-2-nitrobenzoic acid) by monitoring the changes in absorbance at 412 nm. The reaction mixture was subjected to chromatography on Sephasyl-Peptide C18 12µ (Pharmacia Biotech) reverse-phase column on an AKTA system using 0-100% acetonitrile gradient in the presence of 0.1% trifluoroacetic acid. 
, n is the stoichiometry of the peptide/CaM complex, K a is the association constant, backbone, polar side chains, aliphatic and aromatic.
The CaM-peptide complex was modeled according to one of the several known X-ray and NMR structures, 1CDL, which represents an X-ray structure of the smMLCK/Ca 2+ -CaM complex (14) . The rest of the peptides were threaded into this structure using sequence Table 2 ). This is mostly due to the fact that the peptides become largely buried upon binding to CaM. The absence of the dependence of ∆H cal on the ∆H ion of the buffers shown in Figure 2B indicates there is a great variation in the enthalpies of binding ranging from +90 kJ/mol to -66 kJ/mol.
The stoichiometry of peptide/Ca

2+ -CaM complex
Under the conditions of the ITC experiment, the binding of most peptides to Ca 2+ -CaM is close to stoichiometric. This can be seen in Figure 2A , which shows that the heat effects during initial injections are comparable and are followed by a quick disappearance of heat effects in later injections, indicating that saturation of Ca 2+ -CaM with the peptide has been achieved. This means that the molar concentration ratio of peptide to Ca 2+ -CaM at which the heat of binding on the titration curve reaches 50% of total heat corresponds to the stoichiometry of the binding. For the studied peptides this stoichiometry is essentially one molecule of peptide per one molecule of Ca 2+ -CaM (Table 1) . This includes the PDE peptide, which in a previous study had been and CaD-A* is more subtle; CaD-A* has an additional Cys residue at the C-terminus, which was originally included as a potential labeling position for other studies. This leads to an increase in the enthalpy of binding from -66 kJ/mol for CaD-A to -49 kJ/mol for CaD-A* but does not affect the stoichiometry or the binding constant (Table 1) . Interestingly, methylation of the Cys in CaD-A* did not notably affect the thermodynamics of the interaction with Ca 2+ -CaM, which suggest that the differences between CaD-A and CaD-A* are due to the presence of an extra residue, rather than the properties of the cysteine itself. In addition to the peptides listed in the where the subscripts alp, arm, bb, and pol represent the changes in the surface areas of aliphatic, aromatic, backbone, and polar atoms respectively, and all four numerical coefficients are expressed in J/(K· mol· Å 2 ).
The results of the calculations using the surface area changes obtained for Type I binding are presented in the Table 2 and compared with the experimental values in Figure 4 . 
What is the driving force for the peptide/Ca
2+ -CaM complex formation?
Based on the analysis of binding of smMLCK peptide to Ca 2+ -CaM, it was proposed that van der Waals and electrostatic interactions and not hydrophobic effects are primarily responsible for the peptide target recognition by Ca 2+ -CaM. This conclusion is based on the fact that smMLCK/Ca 2+ -CaM complex formation is enthalpically driven (19) . The results on an additional eight peptides presented in this paper indicate however that such generalization of thermodynamics of the peptide/Ca 2+ -CaM interactions is unjustified. Figure 5 notable property for all peptides is that although they are unfolded to a different degree in the unbound state, they all form helical structure in the complex with Ca 2+ -CaM. Furthermore, helical structure is formed in both Type I and Type II binding modes. Thus helix folding is linked to the binding to Ca 2+ -CaM and contribution of this linkage to the observed thermodynamics of the peptide/Ca 2+ -CaM complex formation will depend on the helix propensity of a peptide. The thermodynamics of the helix-coil transition is well studied (83, 84) and recent direct calorimetric studies (34, 85) have shown that the enthalpy of helix folding (coil -4 kJ/mol per amino acid residue.
Therefore the binding enthalpy of a fully helical peptide to Ca 2+ -CaM will be relatively small but positive and will be defined by the positive enthalpy of dehydration of the binding interfaces and the negative enthalpy of interactions between these interfaces (41,86).
The entropy change upon binding of an α-helical peptide to Ca 2+ -CaM will be defined by several factors. There is a relatively small negative entropy associated with the loss of translational and rotational degrees of freedom upon complex formation (87) (88) (89) (90) . The immobilization of the side chains (20, 21 ) and the loss of side-chain entropy will also have a small and negative contribution (91, 92) . The major contribution to the entropy of binding will, however, be defined by the large positive entropy of dehydration of the binding interface (41).
Thus it is expected that the entropy change upon a peptide α-helix binding to Ca 2+ -CaM will be large and positive. Thus, in the absence of linkage to the folding of a helix, the peptide/Ca 2+ -CaM interactions are entropically driven which is consistent with the dominant role of hydrophobic interactions for the complex formation (18) . Interestingly, in a CaM-binding peptide from skeletal myosin light-chain kinase, alanine substitutions, which presumably increase the α-helical propensity of the sequence, increased the CaM-binding affinity of the peptides (93), illustrating the importance of entropy in the binding process. This is also supported by a large negative heat capacity change upon complex formation (Figure 4) , by the by guest on October 1, 2017
http://www.jbc.org/ Downloaded from amphipathic character of the peptides (11, 94, 95) , by the importance of the Met-residues of Ca 2+ -CaM for peptide binding (5, 6, 11) and is consistent with structural calculations indicating that ~65-70% of the surface area buried upon complex formation is non-polar (Table 2) .
CONCLUSIONS
There is an important consequence of these findings: one might expect that the peptide sequences recognized by Ca 2+ -CaM are already in a helical conformation when they are part of an intact protein. A structure of a Ca 2+ -CaM activated protein that illustrates the structural basis of CaM activation is the X-ray crystal structure of calcium/calmodulin-dependent protein kinase I (96). The C-terminal calmodulin recognition sequence in this protein (which corresponds to the sequence of CaMKI peptide studied here) is partially in a helical conformation, but Trp303, the important anchoring tryptophan residue, is in a random coil region of the protein and strikingly points away from the rest of the protein into the solvent, ready to be bound by Ca 2+ -CaM. Trp303, which binds to the C-terminal lobe of CaM presumably binds CaM first in a Type II fashion, after which a structural rearrangement occurs to the final complex we refer to as Type I (23). As mentioned earlier, induction of α-helical structure in the CaM-binding sequence of a target protein is an important step in the activation of target enzymes (22). If the target sequence is already in a helical conformation, less of a rearrangement would occur, and there would be no need to spend energy on coil-helix transition and thus the affinity of Ca 2+ -CaM to the target will be much higher. On a practical side, an efficient peptide-based calmodulin inhibitor will require, in addition to being amphipathic (97) . Data for smMLCK peptide is from (19) .
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